Objectives: To assess the phenotypic susceptibility of the E157Q polymorphism in HIV-1 integrase (IN) and the virological outcome of patients infected with E157Q-mutated virus initiating an IN inhibitor (INI)-based regimen.
Introduction
Integrase (IN) inhibitors (INIs) are now recommended by multiple international guidelines in first-line regimens of HIV-1 infection treatment and their use is increasing. The major INI resistance mutations, resulting in a high level of phenotypic resistance, are well described for first-generation INIs (raltegravir and elvitegravir), but remain not fully elucidated for dolutegravir.
The IN E157Q substitution has been previously described as a polymorphism present in around 3%-5% of viral sequences obtained from ART-naive patients. 1, 2 However, the E157Q change has also been observed in cases of virological failure under a raltegravir-based treatment in two case reports. 3, 4 More recently, a case report of a non-virological response to a dolutegravir-based regimen has been described in a patient infected with an E157Q-mutated virus. 5 Thus, there are few data on the prevalence of the E157Q substitution in a large dataset of IN sequences representing the genetic diversity of HIV-1. Regarding the virological response to an INIbased regimen for patients displaying E157Q mutation, only case reports are available. 6, 7 In the study of Ambrosioni et al., 6 only two ART-naive patients initiated a dolutegravir-based regimen with a very short follow-up of 12 weeks. In the study by Pavkovich et al., 7 only 6 of the 15 patients initiating an INI-based regimen achieved virological success at month 12; however, heterogeneous profiles of ART-naive and ART-experienced patients were not distinguished in the analysis.
The aim of this study was to assess the prevalence of E157Q polymorphism in IN sequences obtained from INI-naive patients across various HIV-1 subtypes and the virological outcome at week 24 (W24) and week 48 (W48) of patients infected with an E157Q-mutated virus initiating an INI-based regimen.
Methods

IN sequences
This was a national multicentre study assessing all available IN sequences from INI-naive patients among 17 French HIV clinical centres included in the Agence Nationale de Recherche sur le SIDA et les hépatites virales (ANRS) virology network.
Ethics
Participating laboratories belong to ANRS and participate in the ANRS quality control assessment of HIV-1 drug resistance sequencing. The study was approved by the scientific committee of Action Coordonnée n 11 of ANRS.
pol sequencing
The pol gene was sequenced by standard Sanger technology using ANRS procedures (www.hivfrenchresistance.org). The genotypic susceptibility score (GSS) of the ART was calculated using the ANRS algorithm (September 2016, version 26), translating the interpretations 'susceptible', 'possible resistance' and 'resistance' into scores of 1, 0.5 and 0, respectively.
HIV-1 subtyping
Phylogenetic relationships of reverse transcriptase (RT) were estimated from sequence comparisons with previously reported representatives of HIV-1 group M subtypes and circulating recombinant forms (CRFs) for which sequences are available in the Los Alamos HIV database (https://www.hiv. lanl.gov/content/sequence/HIV/mainpage.html).
Phenotypic assays
The E157Q substitution was introduced into the pNL4-3 sequence (subtype B) and the pCRF02_AG plasmid (kindly provided by M. Wainberg and T. Mesplede) by site-directed mutagenesis using the Quickchange II XL Site-Directed Mutagenesis V R Kit (Agilent), according to the manufacturer's instructions. HIV-1 stocks were prepared by transfecting 293-T cells using Lipofectamine reagent (Thermo Fisher) with the various HIV-1 molecular clones. The titre of the supernatant was determined by quantifying HIV-1 p24 antigen using the VIDAS V R instrument (bioMérieux). Briefly, HeLa-P4 cells were infected in triplicate in 96-well plates with WT virus or mutants containing the E157Q IN mutation (equivalent of 10 ng of p24 antigen), with increasing concentrations of raltegravir or dolutegravir (from 0 to 200 nM). The viral titre was determined 48 h post-infection by quantifying b-galactosidase activity in HeLa-P4 lysates in a colorimetric assay based on the cleavage of chlorophenol red-b-D-galactopyranoside by b-galactosidase. The EC 50 of each drug was defined as the drug concentration resulting in b-galactosidase levels that were 50% lower than those in infected cells without the drug.
Results
Prevalence of the E157Q natural polymorphism among various HIV-1 subtypes Overall, prevalence of E157Q polymorphism was 2.7% (95% CI 2.4%-3.1%). Distribution of E157Q polymorphism among HIV-1 subtypes was 1.7% (95% CI 1.3%-2.1%), 5.6% (95% CI 4.6%-6.6%) and 2.2% (95% CI 1.6%-2.9%) in B, CRF02_AG and various non-B subtypes, respectively.
The distribution of E157Q polymorphism was as follows among the various non-B subtypes: 16.7% in subtype H (n " 4/24), 11.8% in CRF09_cpx (n " 2/17), 7.0% in CRF06_cpx (n " 3/43), 5.6% in subtype D (n " 7/124), 3.1% in subtype G (n " 4/127), 2.1% in CRF01_AE (n " 3/140), 2.0% in subtype C (n " 4/199), 1.6% in subtype A (n " 5/320), 1.1% in subtype F (n " 2/189) and 1.5% in complex recombinants (n " 7/452) ( Figure 1 ).
Virological outcome of patients with an E157Q-mutated virus initiating an INI-based regimen
Thirty-nine INI-naive patients with an E157Q-mutated virus initiated an INI-based regimen, including raltegravir in 19 cases, elvitegravir in 10 cases and dolutegravir in 10 cases. IN sequences showed that E157Q was the only INI resistance mutation in all 39 viruses, except in two cases in which it was associated with the E92Q or T97A mutation.
Among these 39 patients, 15 patients were in virological success [i.e. plasma viral load (VL) ,50 copies/mL] under their ongoing regimen at the time of INI-based regimen initiation. Virological suppression was maintained during the first year of the follow-up in 13 patients (87%). The two remaining patients exhibited a VL .50 copies/mL at W48 (53 and 267 copies/mL), which became Charpentier et al.
undetectable again at the VL control performed within 4 weeks, thus corresponding to a viral blip.
Twenty-four patients initiated an INI-based regimen with a VL .50 copies/mL (median 4.9 log 10 copies/mL, IQR 4.3-5.1): 8 were receiving a first-line regimen (Table 1 ) and 16 were ARTexperienced patients in virological failure with viruses harbouring drug resistance mutations (Table 2) . INI-based regimen discontinuation occurred between W24 and W48 in 2/8 patients on a first-line regimen and in 5/16 antiretroviral-experienced patients.
Among the eight patients receiving a first-line regimen, five received a tenofovir/emtricitabine/elvitegravir/cobicistat singletablet regimen (STR), one received tenofovir/emtricitabine and raltegravir, one received tenofovir/emtricitabine and dolutegravir and one received raltegravir plus darunavir/ritonavir. Five patients were infected with subtype B and three with CRF02_AG. Six of the eight patients reached VL ,50 copies/mL at W24 and virological suppression was maintained at W48 in five of these patients still receiving an INI-based regimen at W48 (Table 1) . Regarding the two patients who had not reached VL ,50 copies/mL at W24, VL was 236 and 151 copies/mL after a significant VL decrease between INI-based regimen initiation and W24 of #2.0 and #2.8 log 10 copies/mL, respectively. Both patients were receiving an elvitegravir-based STR and were infected with subtype B. Their follow-up between W24 and W48 showed that one discontinued the INI-based regimen after retrospective evidence of the E157Q polymorphism in the pre-therapeutic genotype and one died (not related to HIV infection).
Regarding the 16 ART-experienced patients in virological failure harbouring viruses with drug resistance mutations, 4 were in virological success with VL ,50 copies/mL at W24 and at W48 (Table 2 ). Four additional patients had reached VL ,50 copies/mL at W24, including one displaying the T97A-E157Q double mutant at baseline. Among these four E157Q integrase polymorphism JAC patients, two exhibited a viral blip at W48 (63 and 97 copies/mL) and two discontinued INI after W24: one was lost to follow-up and in the other there was retrospective detection of the E157Q polymorphism in the pre-therapeutic genotype. Four other patients showed an initial significant VL decrease .2.5 log 10 copies/mL between INI-based regimen initiation and W24, but without reaching 50 copies/mL at W24 (102, 105, 121 and 128 copies/mL), including one patient displaying the E92Q-E157Q double mutation at baseline. At W48, three of these patients were still receiving an INI-based regimen and all displayed low-level viraemia between 100 and 200 copies/mL. Four other patients had no virological response, with a VL decrease ,2 log 10 copies/mL at W24. The virological outcome of the 16 antiretroviral-experienced patients was not associated with the number of active antiretroviral drugs associated with the INI. Indeed, 8 of the 16 patients had a GSS 1 and they were equally distributed among the different profiles of virological outcome described (Table 2) .
Phenotypic susceptibility of the E157Q mutant to raltegravir, elvitegravir and dolutegravir
In cells carrying E157Q site-directed mutations, the fold change in EC 50 of raltegravir, elvitegravir and dolutegravir was 0.6, 1.9 and 0.9, respectively, in the subtype B context and 1.1, 2.4 and 1.9, respectively, in the CRF02_AG context (Table 3) .
Discussion
In this study, based on a large dataset of HIV-1 IN sequences, with .8500 viral sequences obtained from INI-naive patients infected with a large variety of HIV-1 subtypes, we described an overall prevalence of E157Q polymorphism of 2.7%. Virological response of patients displaying an E157Q-mutated virus and initiating an INI-based regimen was assessed in 39 patients showing different profiles of virological outcome. Charpentier et al.
The prevalence of the E157Q IN polymorphism in viral sequences obtained from antiretroviral-naive patients was 2.4% in the Italian database and 5.0% in the last French transmitted drug resistance survey study, 1,2 and so was in a similar range to the prevalence observed in the present study. Thus, this polymorphism is not so rare. The high HIV-1 genetic diversity observed in the present study evidenced a differential distribution of the E157Q polymorphism among the different HIV-1 subtypes. Thus, the prevalence of the E157Q polymorphism was .3-fold higher in CRF02_AG than in B subtype sequences (5.6% versus 1.7%, P , 0.0001). This is a key point for the epidemiology of HIV infection in France because 59% of new infections are due to a non-B virus and half of them are CRF02_AG. 2 Regarding non-B subtypes other than CRF02_AG, there is also a differential distribution of the E157Q polymorphism among them. The highest prevalences of E157Q were observed in H, CRF09_cpx, CRF06_cpx, D and G subtypes, and the lowest ones in CRF01_AE, C, A and F. Prevalence differences across various HIV-1 subtypes have also been described for other polymorphisms. For example, E138A in RT, impacting susceptibility to the NNRTIs rilpivirine and etravirine, was found to be twice as high in CRF02_AG than in B subtype sequences (4.1% versus 2.0%) in antiretroviral-naive patients. 8 In this study, we assessed the virological outcome of 39 patients infected with an E157Q-mutated virus and receiving an INI-based regimen. Different clinical situations were found among the following groups: (i) virologically suppressed patients; (ii) antiretroviralexperienced patients in virological failure; and (iii) patients initiating their first-line antiretroviral regimen.
Regarding virologically suppressed patients who switched to an INI-based regimen (n " 15), we observed a high level of virological suppression: 87% (n " 13/15) during the first year following the switch. Thus, the presence of E157Q does not seem to have a deleterious impact on the virological outcome in this specific clinical situation. Similar observations of virological suppression maintenance were described in very few cases of patients infected with an E138A-mutated virus who were switched to a rilpivirine-based STR. 9, 10 Regarding antiretroviral-experienced patients in virological failure, this is a more heterogeneous clinical situation with different therapeutic histories across the patients. In most cases, only one active antiretroviral drug was associated with the INI. However, as could be expected, the virological outcome was not associated with the GSS. Eight of the 16 patients in this clinical situation in our study did not reach VL ,50 copies/mL. Among them, four still showed a significant VL decrease after INI-based initiation, but the remaining four represent a profile of non-virological response with no change in VL in three cases and only a slight VL decrease in the remaining case. In our study, the eight patients with a GSS 1 showed different virological responses, making it difficult to interpret INI intrinsic activity.
Regarding antiretroviral-naive patients, most of them initiated an elvitegravir-based STR (n " 5/8), and two did not reach VL ,50 copies/mL at W24 (i.e. 236 and 151 copies/mL) after a significant VL decrease following INI-based regimen initiation. These findings are unexpected since baseline plasma VL was ,5 log 10 copies/mL in both patients and since the INI drug class is characterized by a very rapid VL decrease after initiation.
Unfortunately, no plasma drug concentrations were available for these patients. Obviously, observations in only two patients must be interpreted with caution. However, this could constitute a warning signal and emphasizes the need to pay particular attention to antiretroviral-naive patients infected with an E157Q-mutated virus who initiate an INI-based regimen.
In vitro phenotypic assays were performed here in context B, as usual, but also in context CRF02_AG as half of the patients initiating a first-line INI-based regimen were infected with CRF02_AG. The E157Q site-directed mutants did not show an increased phenotypic resistance level to dolutegravir or raltegravir in either the B or the CRF02_AG subtype. These in vitro phenotypic data are in accordance with recent findings conducted in six clinical isolates with the E157Q polymorphism using similar phenotypic assays. They showed that all six clinical samples were susceptible to dolutegravir and to raltegravir, except one at the limit of the biological cut-off for raltegravir. 1 The E157Q mutant did not result in an increased fold change in resistance to raltegravir and dolutegravir in our study or in the Italian study. However, in both studies, only the effect of the single E157Q mutant was characterized. Interestingly, we also evaluated phenotypic susceptibility to elvitegravir and observed a slight increase in fold change of 1.9 and 2.4 in the presence of E157Q in context B and context CRF02_AG, respectively. Similar results with E157Q tested in the presence of elvitegravir have been previously published showing an increased fold change of between 2 and 10. 11 In addition, these assays did not assess the whole IN of the virus, still less the whole viral genome. Indeed, we can hypothesize the possible impact of polymorphic IN residues associated with the E157Q mutation in clinical isolates or the impact of mutations located outside the IN region, as recently shown with mutations selected in vitro in the nef gene. 12 Furthermore, previous studies have shown the importance of the IN genetic context for INI phenotypic susceptibility. 13 These findings showed that the prevalence of E157Q polymorphism was not negligible, particularly in CRF02_AG, which is of interest in European and French HIV epidemiology since recent data showed that 59% of new infections in France are with non-B subtypes. 2 In addition, among INI-naive patients two did not reach VL ,50 copies/mL while receiving elvitegravir. These findings support the recommendation of IN pre-therapeutic genotypic resistance tests in France and indicate the need to pay particular attention to ART-naive patients with an E157Q-mutated virus who initiate an INI-based regimen.
Based on the present data and on previous in vitro findings, in the case of E157Q polymorphism the most preferable INI might be dolutegravir in such patients; elvitegravir should not be considered owing to potential low-level resistance, especially in the context of the CRF02_AG recombinant, and raltegravir seems adequate, with IC 50 not increased, but with the caveat that selection of E157Q has been described at virological failure in two case reports. 
